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SUMMARY 

Steady-state and transient  characterist ics of the 534-WE-32 turbo- 
j e t  engine  with  electronic power regulator were obtained i n   t h e  NACA 
Lewis a l t i tude  wind tunnel to determine the  effects of engine  and con- 
t r o l  limits on the performance. 

Limits  on the  fuel  valve and  exhaust  nozzle  area  influence any 
schedule of speed and temperature. When ei ther  o r  both of these  inputs 
are at a limit, the engine  operates  off  the  reference  schedule. This 
deviation of speed and temperature  from the  reference o r  set  values can 
re su l t   i n  a nonlinear  variation of thrust xLth power lever  position, a 
reversal of the  thrust-power  lever  relation, a dangerous condition at 
low power because af rising  temperatures, and a cei l ing which is below 
the  capabili t ies of the  engine and varies w i t h  power lever  position. 
These d i f f i cu l t i e s  are encountered chiefly at high  altitudes, l o w  power 
lever  positions,  or a combination of  both. The extent to which such 
difficult ies  apply t o  actual  operation in  flight w i l l  depend, of course, 
on the  specifications of range of a l t i tudes and Mach numbers over which 
each par t icu lar   a i rc raf t  must operate.  In  addition,  the  types of power 
lever movements or  positions  necessary f o r  operation at any flight con- 
di t ion must be considered. Some of the  difficult ies  discussed  herein may 
be  outside  the  specified  range of operation of a par t icu lar   a f rc raf t .  
Other d i f f i cu l t i e s  may be avoided  during flight by  restricting  the  range 
of &owable  power lever mvement, especially at high al t i tudes.  As the 
operational  altitude of present and future  aircraft   increases,  however, 
the problems discussed  in this report wll l  become increasingly important, 
and means f o r  avoiding them should be considered. 

For  the  control system studied, one possible  solution of the prob- 
lems i s  t o  lower the minimum fue l  flow se t t ing  and t o  introduce an over- 
temperature  signal t o  the  ekhaust  nozzle. These  changes would eliminate 
o r  lessen  the  previous  difficult ies  but would cause  trouble due t o  blow- 

counteract this problem would also be needed. . .  

- out during transient  operation. A device  designed  specifically  to 

I A better  solution  appears t o  be the  addition 0.f a device t o  change 
the set speed  schedule with the flight condition.  This would eliminate 
the need for a high minimum fuel f l o w  set t ing as. well as alleviate  the 
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problems  of steady-state  operation. F w h e m r e ,   t h e   t r a n s i e n t  charac- 
t e r i s t i c s  of the engine  need not be affected by this  change but  can be 
made comparable with those obtained by using a high mfnimum fuel flow. 

IlTI9ODUCTION 

An investigation of the Westinghouse J34-WE-32 turbojet ergins and ICL 

control was conducted in t h e  WACA Iswie altitude wind tunnel. The over- (D 

ry 

0 

all. object of the program was t o  detemne steady-state and dynamic char- 
ac t e r i s t i c s  af the e@ne and t o  evaluate t he  operational per f~nmnce  af 

the controUea aystem at  various  altitudes and ram pressure  ratios. 

The control or power regulator of this engine is  an electronic 
device that provided a multiloop system i n  which both  engine  speed and 
temperature were controlled by varying fue l  flow and exhaust  nozzle area. 
In  order t o  obtain  over-all  steady-state  operation  in a desired manner, 
both  required  speed and temperature are  acheduled as functions of th ro t t le  
or parer lever position. 

While obtaining data for t h e  controlled  engine, it became evident that 
the minimum fue l  flow set t ing af 550 p o m b   p e r  hour epecified by t h e  manu- 
facturer l h i t e d  the range and s t ab i l i t y  of engine  operation. Because * 
of this limited range and oscillatory  operation at high al t i tude,  data 
were taken with lower minimum fuel flow sett ings of 420 and 350 pounds 
per hour. 

The present report i l l u s t r a t e s  the effect of the minimum fue l  flow 
se t t ing  and other  engine and control limits on the   s teadpeta te  and tran- 
sient  operation of the system. Stesdy-state data showing variations of 
speed and temperature as well as other pewanletere at  the  different  set- 
t ings  are  presented  for  al t i tudes of 10,300, 25,000, 35,000, and 
45,000 feet &t a ram pressure  ratio of 1 . 2 .  Additional data me given 
showiw the safe  operating range of the engine as a function of' al t i tude.  
Oscillographic  traces of the response of several  engine  parameters to a 
step change in throt t le   posi t ion for eane of these f Ught  cmditione are 
a180 presented. 

DESCRIPTIOIV aF CONTROL 

Schedule. - The output thrust of this system was controlled by 
introducing  scheduled values of both engine speea  and  turbine  discharge 
temperature into the control as functions of thrott le  posit ion.  

The engine  speed schedule was designed t o  be constant from cut-off, 
which was 21O on &he power lever ,   to  26O, then  to rise sharply to  43O, 
followed by a slower rise to 71°. Beyond 71°, the schedule  required that 
maximum engine  speed  be.ma~ntaineb. The temperature ~chedule  was con- 
structed to be constant from cut-off to ZGU, then to follow a smooth - 
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curve  rising  slowly at first *om 26O and  then more rapidly to 82O,  which 
represented full militmy thrust  without afterburning. Beyond 82O, the 
taperatme was scheduled  at  the marl.mllm allowable  value.  The  region 
from 21° to 26O is designated  the idle flat  spot on the power lever and 
that from 82O to 89O, the  milltary  flat  spot. 

Design  of  the  reference  schedule was such as to prodde approxi- 
mately Usem thrust  at sea level as a function  of  throttle  position. 

Block  diagram. - A block diagram of .the  control  system is shown in 
figure 1. It can be  seen  that,  basically,  engine fuel f low is controlled 
by a summation of speed,  temperature, and overtemperature  error  signals, 
and  area  is  controlled by a summation  of  speed  and  temperature  error  sig- 
n a l s .  The  control is of the  proportional  plus  integral  type  and addi- 
tional  features in the form of  "llmfts"  have  been added to obtain  pro- 
per  control action during  dangerous or special  operational  conditions. 
A l l  indicated limiting devices  in  figure 1 have  been  designated in their 
respective  blocks.  with a plot of the  specif'ic  output against input 
characteristics of the  unit.  The  fuel  valve and exhaust  nozzle  blocks 
show  the limits resulting from mechanical stops which  determine  the m8xf- 
mum opening or m-ll.l.fmum closing of  the mechanism. 

Fuel Valve  Limit 

This minimum setting was incorporated into the fuel control  system 
for  two  basic  reasons: (1) to es-blish  sufficient fuel f low for  sea- 
level  starting  and  (2)  to  force an increase in idle  speed as a f'unction 
of altitude  sufficient to a l l o w  acceptable traient performance. As 
a result  of  this  setting,  however,  the  fuel valve was on the nini.rmlm 
flow  stop  for a wide  range  of  power  1ever.settihgs  at high altitudes. 
Under  these  circumstances  the  effectiveness  of  the fuel control was com- 
pletely l o s t  and the only  control  remaining was prfnrarily  that  of  engine 
speed by exhaust  nozzle  area. 

Exhaust  nozzle  Lfmits 

In the  case of the  exhaust  nozzle  it  is  the ful ly  open stop  which 
causes  off-schedule  performance.  The  nozzle  becomes  less  effective as 
a control on speed  and  temperature as it is  opened.  Its  usef"ness is 
l o s t  ccsnpletely when the  effective  nozzle area approaches  the  area of 
the  turbine exit annulus. Any system  using  the  exhaust  nozzle mea as 
a control  variable will have these  basic  engine  limitations  lmposed 
upon it. - 
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Overtemperature  Limit 
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The  remaining  limits  shown in figure 1 were incorporated  in  the 
electronic  phase of the  control.  The  overtemperature  limit  operates in 
such a manner  that it adds no signal to the  fuel loop as long as normal 
tegperature  is  developed in the  engine,  but  it  does  add a signal to 
decrease  fuel  flow  when  temperatures  over l 2 5 O o  F prevail  at  the  turbine 
outlet. At high  altitudes, of course,  where  the me1 valve  is on ita 
closing  stop,  the  overtemperature  protection  feature of the  control  can 
no longer  function. 

Speed  Error  Limit 

If the  aforementioned  overtemperature  condition  occurred  when  speed 
w a s  below  the set va,lue,  the  speed  error  would  be CaJling for an increase 
in fuel f l o w ,  which  is  contrary  to  what is desired  to  reduce  overtemper- 
ature.  Another  limiter I s  therefore  used on the  speed  error  signal  to 
restrict  its  effect on fuel  flow. 

Temperature Error Limits 

As lower  thrust  is  required,  the  schedule  is  set  by  the  throttle 
to  require low engine  speed  and  temperature. It is  characteristic of 
turbojet  engines,  however,  that  speed  and  temperature  decrease  until 
some  speed  is  reached  after  which  temperature  increases  with a further 
reduction in speed:-Such a reversal  in  slope  imposes  the  problem of 
controlling  through  the  zero slope region  and of providing a reversal of 
sign in the  control  whenever a reversal of slope  occurs in the  engine in 
order  to  maintain a stable  system.  Therefore,  becauee it is not possible 
to  operate at both low speed and low temperature,  the  choice  was  made to 
limit the  temperature  error.  This  limit on temperature error, together 
with  the  proper  proportioning of signals to the fuel valve  servo and the 
relative  ineffectiveness of the  exhaust  nozzle on speed  and  temperature 
at low speeds,  causes  the  control  to  be  essentially one of speed by  fuel 
flow at low power.  The  temperature  rises  to  whatever  value is consistent 
with  the  fuel flow. It is also desirable  to  open  the  exhaust  nozzle 
area on acceleration in order  to  improve  response  time  and  to  avoid 
entering  the  compressor  stall  or  surge  region.  During an acceleration, 
the  large  speed  error  acts  to  increase  the  exhaust  nozzle  area,  but  the 
temperature  error would tend to deoreaee this area. Accordingly, another 
limit on temperature error is required  to  reduce  the  effectiveness of 
a large  temperature  error signal so that  speed error  can  force  the  exhaust 
nozzle  area  open  and hold it  ther.e  as long as a large  speed  error  is 
available.  When  the  engine  reaches  required  speed and speed  error is 
reduced,  the  temperature  error  again  becomes  effective  and closes the 
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exhaust  nozzle  area  to  establish  the  set  temperature. 

APPARA!KJS 

4 

Engine. - The  J34-WE-32  turbojet  engine used in  this  investigation 
has an ll-stage  axial-flow  compr.essor,  double Snnular combustor,  two- 
stage  turbine,  and  variable-area  exhaust  nozzle.  The  polar  moment of 
inertia of the  complete  rotor  about  the  rotor axis  is 79.8 pound-feet 
squared. FtiU military  thrust  under  sea-level  static  conditions  requires 
3640 pounds  per  hour of fuel. 

Control. - The  Westinghouse  electronic  power  regulator, part 
no. 61-F-758-4, serial no. S-CZA-78, modified  to  correspond to part 
no. 61-F-758-6 insofar as temperature  schedule  is  concerned, was used ' 

as the  control. 

The  investigation was conducted  with  three  different  values of 
minim fuel flow set  into  the  control - first  with 550 pounds per  hour, 
w h i c h  was specified by the  manufacturer, and then with 420 and 350 pounds 
per  hour.  The  setting in each  case was adjusted  at ZOO0 feet of alti- 
tude  with  the  engine  windmilling  at 1500 rpu. These  condftions  were 
chosen i n  order  to  obtain  reproducible  settings  because actud fuel flaw 
varied as a function of engine  speed  when  the e v e  was on a minimum stop. 

The  original  thermocouple  harness of nine pardleled short  thermo- 
couples was removed  and  replaced  by  another  group of nine  paralleled 
elements  which  were  immersed 6 inches.  The  thermocouples  were of equal 
resistance to insure  more  nearly  average  temperature  indication. 

Test  facilities. - The investigation was conducted in the Lewis 
altitude  wind  tunnel  with a 20-foot-diameter t e s t  section.  Air was 
supplied  through a ram  pipe  connected  directly to the  engine. 

Instrumentation. - Eslgine  pacameters  were  recorded  during  tran- 
sients on multiple  channel,  dlrect inking, magnetic  pemnotor oscillo- 
graphs having a chazt  speed of 2.5 units p r  second.  The penmotor i n  
combination Mth its  amplifier  has an essentially  flat  f'requency 
response  to  approximately 100 cycles  per  second.  Detailed  infor- 
mation on the  transient  instrumentation  employed  is  presented in 
reference 1. Table I lists  the  engine  psrameters  that  were 
recorded, the iitrumentation  used to measure  the  values of the  param- 
eters in the  steady  state,  the  sensing  devices  used to measure  the 

response  range  of  the  transient  instrumentation. m u s t  nozzle 
- variations  in  the  parameters  during  transients,  and  the  frequency 



6 RACA RM E52E23 

P 

position WBB indicated  by a microammeter,  which in turn was calibrated 
against  exhaust  nozzle  area as shown on figure 2. 

Steady-state data. - Steady-state data of the  controlled  engine 
were  taken with various  power  lever  positions  at  altitudes of 10,000, 
25,000, 35,000, and 45,000 feet  at a ram pressure  ratio  of 1.2. These 
tests  were  performed  for  three mirrLmum fuel-flow  settings of 550, 420, 
and 350 pounds  per  hour. 

Additional  stesdy-state data were  taken  to  determine the safe oper- 
ating  range of the  engine as a function  of  altitude at a ram pressure 
ratio of 1.2. At  the 550 pound  per hour setting this investigation wss 
conducted oyer an  altitude  range of Q0,OOO to 47,000 feet and at the 
420 pound'  per hour setting,  over an altitude  range of 4S, 000 to 
51,000 feet. 

Transient data. - Transient data were  taken by manually advancing 
or  cutting  back  the power lever i n  a etepwiee  manner.  Engine  para- 
meters  were  measured  continuously on oscillograph  recorders.  Before 
and after  each  transient,  photographs of panel meters and manometers 
were  taken  to  calibrate  the  transient  traces.  Steps  of various eizee 

' were  made at altitudes of lO,OOO, 25,000, and 35,000 feet  at a ram pres- 
sure  ratio of 1.2. These  tests  were also performed for three minim 
fuel flow settings of 550, 420, and 350 pounds per hour. 

RESUITS 

Effect  of  Limits on Operating  Schedule 

Actual values of speed  and  temperature  obtained  during  operation 
with  the  different  values of minimum fuel.  f l o w  settings wiU be  termed 
the  "operating  schedule''  to  distin@;uish  them from the required  or  "refer- 
ence  schedule" of speed and temperature  set  into  the  control. 

To ilLustrate the effects of limits on any reference  schedule of 
speed  and  temperature,  figure 3 is  presented to show actual values of 
operating  schedule along with curves of exhaust  nozzle  position,  fuel 
valve  position,  fuel p low,  and  thrust as functions of power lever  posi- 
tion  when  operating at a ram  pressure r a t i o  of 1.2 and  altftudes of 
10,000, 25,000, 35,000, and 45,000 reet . 

e 
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In  all cases, as long as the two inputs  f'uel  flow and area are con- 
tinuously  vssiable, the control system  maintains set values  regardless 
of minimum f u e l  f low settings. For a lsrge  portion of  the power lever 
raage, however, either the fuel valve  or  exhaust  nozzle  or  both are 
against a mechanical l fmi t   o r  stop. If one input variable is against a 
limit, then either speed or  temperature  or  both will deviate from the 
set values. If both  input  variables are at  Limits, then both  speed and 
temperature will depart from the set quant i t ies   to  whatever d u e s  result 
from the Umited  values of axe& and fuel  flow and the flight condition. 

I n  v i e w  of the f a c t  that the  operating  schedule of Rpeed and  temper- 
ature deviates i n   c e r t a i n  ranges of  operation from the reference sched- 
ule with changes i n  flight conditions, the resulting  operating  thrust 
schedule will change accordingly. The reasons fo r  these deviations c m  
be found by referring t o  other  parameters. 

Figure 3(a) shows that at  10,000 feet of a l t i tude  and a ram pres- 
sure   ra t io  of 1 . 2  the system operates i n  accordance with the reference 
schedule f o r  all thro t t le   se t t ings  above 62' wlth the 550 pound per hour 
se t t ing  of minimum fuel flow. 

Below a power lever  position  of 6Z0 the exhaust  nozzle is wide open. 
Because the  control FS able t o  proportion  only the fuel flow signal i n  
this range, a t  l e a s t  one of the  outputs will be off the reference sched- 
ule. By use  of the electronic   l imit ing  c i rcui ts  in the control and pro- 
per proportioning of the gains i n  the various  control  loops, t h i s  system 
was made to  control  speed rather closely,  thus  causing  temperature t o  
rise above the set d u e .  The actual  temperature  curve starts t o  break 
away from the reference  schedule at  the time the exhaust  nozzle  reaches 
i t s  w i d e  open limit. From 62' down t o  idle the engine  operates as a 
fixed-area  turbojet and the temperature obtained is whatever  value 
results from the fuel flow needed to  mainWn speed at t h i s  flight con- 
dition. 

A t  approximately 29O the fuel  valve is  against i t s  minimum stop  for  
t h i s  sett ing.  Below 29O, both area and fuel flow are at  lMts and 
therefore  both temperature and speed we off the set values. All para- 
meters will remain constant a t  whatever  values r e su l t  from the wide- 
open-area  posi%ion, the minhum fuel flow setting, and the selected 
flight condition. 
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I n  figure  3(b), which is f o r  an a l t i tude  of 25,000 f e e t  and a ram 
pressure r a t i o  of 1.2, it can be seen that at the  higher power lever 
positions  the  general  trend of the  curves. i e  .much .the. 8ame 8s  fo r  
10,000 fee t .  The exhaust  nozzle is jus t  a t  the wide open position when 
the   throt t le  is retracted  to  approximately 65O. The nozzle h e s  not 
s tay fully open a t  low power lever  posit ions  for  the 550 pougd per hour 
minimum fue l  flow  setting, however, as it does for the 420 and 350 pound 
per  hour sett ings.  A t  about 34O the fuel valve hits the 550 pound per 
hour stop. As the lever is  retracted to lower positfons,  the  speed 
error  overrides. the temperature error and closes the nozzle t o  maintain 
required  speed.  Temperature rises sharply as the  area  closes,  thus 
departing from the set values  while  speed  deviates  only a small amount 
unt i l   the  area reaches  the fully closed limit. Below 31° both the 
exhaust  nozzle and the me1 valve are a t  limits and all variables  are 
constant  for this flight condition. 

It appearb that the fuel valve has reached the 420 p o d  per hour 
stop a t  j u s t  about the same tb te  as the idle flat spot i s  reached, and 
that the  valve  has  not  yet  reached  the  stop  for the 350 pound per  hour 
se t t ing  because speed levels off at about 5000 rpm, w h i c h  is approxi- 
mately  the set  value. For these lower sett ings of the fuel valve,  the 
temperature levels off at a lower  value at the idle flat spot. 

Thrust data sham an figure 3(b) i&cate a more significant devi- 
- 

at ion from design schedule than those shown on figure 3(a) for  conditions 
a t  10,000 fee t   a l t i tude .  A t  l o w  power lever  positions, the thrust fo r  
a minimum fue l  flow of 550 pounds per hour increases a6 the power lever 
is retaxded and levels  off at a relat ively higher idle value. This higher 
idle thrust  is due t o  the increase i n  temperature  caused by area closure. 
For a minimum fuel flow set t ing of 420 pounds per hour, the t h r u s t  behaves 
i n   t he  same  manner as at  10,000 feet,  since  the rise of temperature a t  
low power lever  positions  aoes not occur. When the   fue l  valve is beyond 
the  next  higher minlgum sett ing,   the  variables  for both set t ings will be 
the same. As a result all curves shown should be valid for all minimum 
flow set t ings  for   throt t le   posi t ions above 34O, which was t he   c r i t i ca l  
position for the 550 pound per hour setting. . . . 

In figure 3(c) for an a l t i tude  of 35,000 feet and a ram pressure 
r a t i o  of 1.2, the  effect  of the fuel dve s t o p - i s  -even.&re  evident. 
The fuel valve i s  against a stop below 41° on the power lever. As the 
power lever i s  retracted a f e w  degrees below the point a t  which the fuel 
valve hits its stop,  the nozzle closes  to  control  speed. Because the 
nozzle  closes at a higher engFne speed fo r  t h i s  alt i tude,   the  effect  of' 
the  exhaust  nozzle mea on temperature is greater and temperature rises 
much  more than at lower al t i tudes.  

. .  
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- 
The t h r u s t   a t  35,000 feet sgaln exhibits a nonlinear  variation  with 

power lever travel. For oseration xith the 550 pound per mur setting, 

as  the power lever is advanced, the thrust actuslly  decreases before 
rising  in  the  expected manner. Data obtained  with  the 420 pound per hour 
sett ing  indicate a similar trend  but  with a lower i6le thrust. The rea- 
son f o r  this is again  the high temperatures which occw at  low power 
lever  positions. The data for  the  lowest  setting of  350  pounds per hour 
showed no r i s e   i n   t h r u s t  at  id l e  speed. 

- the data show that a relat ively high idle thrust is obtained and that 

9 
N 

Figure  3(d)  presents data obtained st 45,OOO feet and a ram pres- 
sure   ra t io  of 1.2. Bo data are shown in t h i s  f igure f o r  the 550 pound 
per hour se t t lng  because the fuel valve was against i t s  minimum stop 
during  practically all the operation and the system response was very 
oscillatory. With the fuel  valve  stop set a t  420 pounds per hour, how- 
ever,  the power lever  range w&s increased,  and when area was the control- 
ling variable,  the  amplitude of osci l la t ion was less. 

Reference to  the figure shows that the fuel  valve is on the  stop 
below 70° on the power lever.  Also, the  nozzle  never  reaches its wide 
open stop a t  this altitude-and ram pressure  ratio.  Although the  fuel  
valve is on a stop, the fuel flow decreases somewhat with decreasing 
engine  speed. As a result,  engine speed decreases i n  the range from 71° 
t o  43O while  the  mea is essentially  constant. A t  43O the  nozzle starts 
t o  close and becomes fully closed at about 36O. Temperature increases 
drast ical ly  i n  this range u n t i l  a t  36' it is  1300O. Thus, it c8.n be  seen 
that damage t o  the  engine due t o  overtemperature can r e su l t  from oper- 
a t i o n   i n  this region. A t  36O, the  exhaust  nozzle i s  closed and the fuel 
valve is on a stop;  therefore all variables  are  constant  for all power  
lever  positions below this value. 

For the 550 pound per hour sett ing,  as the power lever was retracted 
toward idle,  the  overtemperature  condition was reached a t  a higher  lever 
position and engine  speed. Because the critical temperature  conditions 
were reamed with the  area  not fully closed,  operation at lower  positions 
was not  possible because  of the  overtemperature  condition that would 
result frm further closing of the exhaust  nozzle. Safe operation was 
possible  over only a small  range a t  the  high .end of the power lever 
quadrant. 

Effect of Altitude on  Safe  Operating Range 

The range of power lever  position for  safe engine operation at any 
a l t i tude  is shorn in   f igure  4 for  8 minimum f u e l  flow se t t ing  of 
550 pounds per hour and a r8m pressure r a t i o  of 1 - 2 .  Below 40,000 feet 
the  engine Kill operate  safely at d l  power lever positions. 
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Above 40,000 feet  operation at the  lower  positions will result  in  exces- 
sfve  temperatures. If the  power  lever  is  retracted  into  the  lower 
region  the  exhaust  nozzle will close  further to maintain  speed and the 
temperature will rise.  The power lever must be  advanced as altitude  ie 
increased  to  keep  the  engine  out of this region.  Furthermore, BB the 
power  lever is advanced  to'prevent  overtemperature  and  the  altitude  is 
increased, a paint  is  reached  at  which  the  engine  speed  becomes  exces- 
sive. This point is at.a'power  lever  position of 65O and an altitude of 
46,500 feet.  Additional  information  presented  in  this  figure  consists 
of the  regions in which  both  the  exhaust  nozzle and fuel valve a r e  con- 
trolling,  theregdon in which only the fuel valve i s  controlling,  the 
region in which only the  exhaust  nozzle fs controlling,  and  the  region 
in  which  neither  is  controlling. 

The slnall region of no control  between  that of control  by exhauet 
nozzle area alone and that  of  control by fuel flow alone  represente a 
condition  where  the f'uel valve is  just on its minimum stop and  the 
exhaust,  nozzle is fully open. This region  exists  because  speed  is  fairly 
close  to  schedule and the speed  error  is  too small to  overcane  the lim- 
ited  value of temperature  error  which  keeps  the  exhaust  nozzle  open. 
As the  power  lever is retracted,  speed error increases and f inal ly  over- 
comes the  effect of temperature  error and gains control of the  exhaust 
nozzle. 

Figure 5 shows the  increased  range  obtained  by  reducing t h e  mini- 
rrmm setting  to 420 pounds  per hour. With  this lower setting  the  alti- 
tude  for  safe  operation  over  complete  throttle  range  is  increased  from 
40,000 to 45,000 feet. The maximum altitude  is  increased  from 
46,500 feet  obtained with the 550 pound  per hour setting to approxi- 
mately 53,000 feet, w h i c h  was obtained  with  the 420 pound per hour  set- 
ting. 

Effect  of Mi- Fuel Flow Settings 

on Transient  Performance 

Reduced minimum fuel flaw settings  cause  idle  speed  and  idle  temper- 
ature to be  lower  at any given  altitude. It i s  expected,  then,  that 
accelerations,  decelerations, burner blowout, and  stall will be influ- 
enced when accelerating from or  decelerating to the  lower  engine  speeds. 
Figure 6, illustrating  the  traneient  performance, is presented in the 
fom.of reproductions  of  oscillographic  traces  which  have  been  reduced 
to 71 percent  of  their orfgiaal  size.  The following parameters  are 
shown: thrust,  compressor  discharge  pressure,  exhaust  nozzle  area, 
engine  speed,  turbine  discharge  temperature,  primary  fuel  valve  position, 
and  throttle  position. 
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Calibration  data  are  included on each  trace  except  that  of  thrust. 
Variations  in  ram  pressure  during  the  transient  were  found  to  influence 
the  thrust  trace,  making  calibration  questionable. 

The  oscillograph  traces  of  the  transient  data  are  indexed  in  table 11 
according to altitude, ram pressure  ratio,  minimum fuel flow  setting,  and 
throttle  position.  The  figures  chosen  are  representative  of  the  operation 
of the  controlled  engine  within  the  range of throttle  settings  from  idle 
(26') to full military (82O) and  show  effect  of  the minimllm fuel f low 
setting on acc.elerations,  decelerations,  blow-out,  and stall. Table I11 
summarizes  the  transient runs to facilitate the comparison of minimum 
fuel flow  effects. 

cn 
0 
$I 

Acceleratfon  and  deceleration  time. - Gas  turbine  engines  have  the 
characteristic  of  accelerating slowly at low engine  speeds.  Reduced 
fuel valve  settings  result  in l o w e r  idle  speeds  and  therefore  slower 
accelerations  from  idle.  The  longer  acceleration  time  for  the  lower 
settings  is  illustrated by cnmparing  figures 6(a) and 6(b) for  the 550 
and 350 pound  per hour settings,  respectively.  These  figures are for an 

speed  to  reach  approximately  its final value  after a sudden  increase in 
- altitude of 10,OOO feet  and a ram  pressure  ratio  of 1.2. The time  for 

i. throttle  position  from  idle was 4 seconds  for  the 550 pound per hour 

acceleration  is  reflected in the  other  traces  that  are  affected  by  speed. -( The  general  shapes of the  curves  for  both  settings,  however,  are  similar. 

- setting  in  comparison  with 6.5 seconds  for  the  lower  setting.  The  slower 

The  same  general  trend-of  slower  accelerations a t  lower fu4 valve 
settings  is  indicated,  in  figures 6( e), 6(f) ,  and 6( g) for  the 550, 420, 
and 350 settings,  respectively,  at 811 altitude of  25,000 feet.  The 
corresponding  times  for  speed  to  reach  the final value  are 4.8, 6 , and 
8.4 seconds. 

When  accelerating  from the same initial  speed,  the  response  time 
will be  approximately  the  same  for  any  setting  of  the  fuel valve. This 
is  Illustrated by figures 6-(1) and 6(m), which  are  accelerations from 
approximately  the  same  speed  at 35,000 feet  and  fuel f l o w  settings of 
550 and 420 pounds per hour.  Generally,  the  de,celeration  time  is 
affected  very.little by changes in fuel  valve  setting. When the  setting 
is  lowered  sufficiently,  however,  idle  speed can approach  the  engine  wind- 
milling  speed  and  for  these  cases  the  deceleration t h e  is  appreciably 
longer. 

- 

Figures  6(c)  and  6(d)  illustrate  that  at 10,030 feet and a ram  pres- 
sure  ratio  of 1.2 the  deceleration  times f r o m  uiaximum  speed to idle  were 
very  nearly  the  same  for  minfmum  fuel  flaw  settings  of 550 end 350 pounds 
per  hour.  Similar m a x i m u m  step  decelerations  at 25,000 feet of altitude 
shown.in  figures 6(h), 6(1), and 6 ( j )  indicate  that  the  deceleration  time 
again  is  about  the  same  for  the 550 and 420 settfngs,  whereas  that  for 
the 350 setting is appreciably  longer.  The longer deceleration  time for 

- 



12 - NLCA RM E52323 

the  latter  case  is  attributed  to  the windmllling effect of ram  pressure 
on the  engine. . - .  . - I -. . . 1 1  .-  

Blow-out. - Another  characteristic of gas turbine  engines is the 
susceptibility  to  burner  blow-out  at low values  of  engine  speed,  Reduced 
fuel valve settings and the  resulting  lower idle speeds  increase the 
possibilities for blow-out..  The  tendency  toward  blow-out is illustrated 
in  figure 6(k) for 25,000 feet  of  altitude and a setting of 420 pounds 
per hour. The  throttle was advanced  rapidly  from 32O (6700 engine rpm) 
to f’ull military  speed  and a normal acceleration  resulted.  The  engine 
was then .deceLEtrated.-ta idle speed,  which was 5000 engine  rpm.  When  the 
throttle was again  adyanced,  the  engine  would.not  accelerate.  It 
appeared  that  although a complete  blow-out did not occurf  combustion was 
taking  place  behind  the  turbine as a result of engine  operation  approaching 
the  blow-out  limit. 

Figures 6Cn) and 6(0) show a similar  action  at 35,000 feet of alti- 
tude  for  the 420 pound  per  hour minimum fuel f low setting. In the  first 
case,  for a step  from  idle  to  full  military  speed,  there was a long hesi- 
tation  and  erratic  action but the  engine finally accelerated.  For  the 
latter  case,  however,  the  engine would not  accelerate and after a few 
seconds  blow-out  occurred. 

On  deceleration,  no  blow-outs  were  encountered.  Figure 6( J) shows 
a deceleration  for 25,000 feet-of altitude and a fuel valve  setting of 350, 
and figure 6(p),  for 35,000 feet of altitude  and a fuel valve  setting 
of  420. These  represent  the most likely  conditions fo r  blow-out;”on 
deceleration  for  which  data  are  available. 

It is  seen,  then,  that  reduced  valve  settings, by causing lower 
idle  speeds,  aggravate  the  .blow-out-problem on accelerations  frcm  these 
low speeds,  but  in  the  range of flight  conditions  Investigated  lower 
settings do not  cause  blow-out  during  decelerations. 

Stall. - Lower-mLnimum fuel ffow settings  were  shown  to  cause 
lower  idle  speeds  and  slower  accelerations. At the beginning 
of an  acceleration,  fuel flow increases  quickly and the  compressor  pres- 
sure  ratio  can  exceed  the  surge  limit.  Reduced  f’uel  valve  settings, 
lower  idle  speeds,  and  sloxer  accelerations  cause  the  compressor to begin 
surging during  accelerations  at  lower  engine  speeds.  Steps from idle to 
fu l l  military speed  are sham in figures  6(e) , 6(f), and  6(g)  for  the 550, 
420, and 350 pound  per hour settings  at  an  altitude of 25,000 feet.  These 
figures  indicate  surging in each  case.  The  characteristics of this  engine 
are  such  that sathfactory accelerations  were  feasible  even  though  the 
compressor was surging. 
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DISCUSSION 

Problems Associated with w i n e  and Control L i m i t s  

The resul ts  of this investigation show that   several  problems associ- 
ated with steady-state  operation are caused  by  engine and control limits. 
Large  deviations from the reference  schedule which occurred w e r e  primarily 
due to   fue l   va lve  and e a a u s t  nozzle stops. The fact   that   deviat ions 
occur is not i n  itself objectionable. In  fact ,  one of the purposes of 
the minimum fuel valve  stop was t o  cause  engine  speed t o  deviate above 
the reference  speed as altitude  increased. As altitude  increased, how- 
ever,  these limits resulted in such  undesirable effects as (I) deviations 
of  temperature  from,the set value at low power lever  positions to the 
extent that unsafe values w e r e  obtained; (2) a nonlineaz  relation of 
thrust t o  power lever  position, which in some cases  resulted  in a higher 
thrust  at idle than at higher power lever position; (3) a limit on the 
m a x i m u m  a l t i t ude   fo r  safe operation; and (4) a condition at which the 
m a x i m u m  a l t i t ude   fo r  safe operation  varied  with  the parer lever  posit ion 
and w a s  less at low power than at high. 

Effect of Lowering Minimum Fuel Valve Stop 

One method of a l leviat ing the undesirable  or dangerous  conditions 
that arise is t o  lower the minimum fuel  valve  stop. When the range 
of the fuel vdve i s  increased, more complete control is obtained, 
and as a result of the smaller deviation of t a p e r a t m e  and speed from 
the reference*values, thrust will be  a more linear  function of t h ro t t l e  
position. Also, a lower idle thrust  is avai lable   for  maneuvering  and 
descending from high al t i tude,  and the range of a l t i tudes   for  safe oper- 
a t ion has been increased. 

The only  serious problem with regard to transient  operation-which 
appears t o  arise as a resu l t  of a lower minimum fuel f l o w  se t t ing  is  
an  increased  tendency  for  engine blow-out on accelerations. This 
problem could be eliminated by the addition of a control  device  designed 
specifically  to  prevent blow-outs  during  transients.. 

The conclusion is  that lowering the miniruum fuel flow set t ing will 
improve the  steady-state  engine performance  over a wider range,  but that 
satisfactory  rtransient performance necessitates the addition of blow-out 
protection. If the requirements .in flight conflict   with  those  for ground 
starting, a separate  starting  schedule i s  also  necessary. 
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Overtemperature  Signal to 

Exhaust Nozzle Servo 

\ 

Another method of alleviating some of the  diff icul t ies  is t o  pro- 
vide an overtemperature signal t o  the &wet nozzle servo. If an over- 
temperature signal were added to   the exhaust nozzle  control as w e l l  as 
to  the f u e l  control,  excessive  telqperatures at l o w  power lever  positions 
could  be avoided. A dangerous si tuation could  thus be eliminated and a t  
the same time the maximum altitude  for  safe  operation would  be the same 
for  both  high +d lai power sett ings.  Such a device would remove the 
unexpected rise  in-temperature  to  unsafe  values that occurs i n  the  exist- 
ing system when the power lever i s  retracted  to   idle  a t  high al t i tude.  
T h i s  device would not remove the  thrust   reversal  with thrott le  posit ion 
nor  cause a more linear variation, nor would it raise the maximum alti- 
tude for  safe operation a t  high power lever  positions. The device could 
a lso  be used i n  conjunction w i t h  a lower fue l  valve se t t ing  and the bene- 
fits of both changes could thus be obtained. 

Varying Reference Speed 

with  Altitude 

A better method providing  Suitable idle speeds a t  altitude is to 
vary  the idle end of.the.r.eference  schedule  with a l t i t u d e  o r  total inlet 
pressure. The minimm fue l  flow setting  then  could be lowered t o  a 
value  determined  by  deceleration blow?out. Inasmuch as no trouble wae 
experienced  with  lean blow-out i n  t h i s  Gvestigation even with the low- 
e s t  minimum fuel f l o w  setting, this problem does not  appear too serious. 
Specific  protection against the  occurrence of deceleration blow-out, 
however, .could be added i n  the form of a variable limit on fuel  vslve 
closure instead of the  fixed minimum valve s.top. 

These  changes would remove the o v e r t w e r a t w e  problem that arises 
at l o w  power-lever positions as a result of closure of the exhaust noz- 
z le   i n  e a  attempt to  maintain a reference  speed. A t  the same tfme the 
low power ceil ing would be increased. Also, by eliminating the need for 
a high fuel d v e  setting, the -urn al t i tude   for  s&e operation at 
any power Lever position can  be  increased.  Furthermore, removing the 
cause of closed  nozzle  operation a;t l o w  power would elimina$e  the  thrust 
reversal and give a more l inear  variation of thrust with power lever 
position. If the set speed i s  varied with a l t i t u d e   i n  a manner that 
glves  approximately  the aame i d l e  speeds a8 are now obtained  with the 
550 pound per hour minimum fuel  valve setting, the transient performance 
should be comparable t o  that for  the 550 setting. It appears  that 
practically all the  difficulties  that  exfeted  during  steady-state oper- 
ation with the 550 pound per hour Betting  could  be  eliminated  while 
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- 
similar transient performance is maintained. Similarly, if  the reference 
speed were increased  with  altitude  according t o  the  re la t ion that ex is t s  

the  respective setting should result. If specific blow-out pro-t;ection 
i s  provided,  lower idle thrust  can be  obtained  than with the  other sys- 
tems discussed. 

- for   the 420 or 350 sett ing,   transient performance sfmflar to t h a t  f o r  

Iu CONCLUDING REMARKS 
5i The use of a fixed minimum f u e l  flow in  the  engine control simpli- 

fies t h e  control by preventing combustion ;!hx-out and eliminating the 
need for   special  f u e l  flow se t t ings   for  starting. The advantages of 
this simplicity are of fse t  by performance penalties. These penalties 
are the l imitations of a maximum a l t i tude  above which the engine  cannot 
operate  without  overtemperature  or  overspeed  and a dis tor t ion of the 
thrust  schedule at a l t i t ude  to  the  extent  that   retarding the power lever  
can resu l t  in increased  thrust, accompanied by possible  overheating of 
the turbine. Also, the range of th rus t  modulation available i s  res t r ic ted  
at high  altitude. Although difficulties may not exist i n  applications 
to some a i r c ra f t  at present, as present and future  aircraf't operate at 
higher  altitudes, some means of avoiding the  problems should be 
cons idered. - 

Possible  actions  to overcome these difficulties are a more judicious 
choice of minimum fue l  f l o w  and the  incorporation of additional  control 
components t o  provide  protection from  blow-out without the need f o r  a 
fixed minimu fuel  f low. Experiments with low minimum fue l  flow showed 
m alleviation  of  the difficulties discussed,  but  increased the occur- 
rence of acceleration blow-out.  Therefore, this m e a n s  of  avoiding the 
minimum fuel  f low difficulties is not  satisfactory unless a protective 
device is provided with ag action more specffically a function of blow- 
out. 

A bet ter   solut ion  to   the problem would be t o  vary the idle end  of 
the  reference  speed  schedule wlth t o t a l  inlet  pressure. With this sys- 
t e m ,  acceleration blow-out could be avoided  wlthout  adversely  affecting 
steady-state performance. The minimum f u e l  n o 8  need be set only hi& 
enough t o  avoid  deceleration blow-out. 

LewLs Flight  Propulsion  Laboratory 

Cleveland, Ohio 
National.  Advisory Committee f o r  Aeronautics 
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APPEmM - SYMBOLS 
The following symbola are used in this report: 

N engine  speed 

% 
Ne 

Ne  speed error limited in positive  direction 

T turbine discharge temperature . .  

set speed 

speed error 
- 

N 

. .& 

T - 
TS 

Te 

I 

0 

temperature signal limited below Cll military ". . . value 

set temperature . .  

. .  " 

temperature  error 

temperature  error limited in both positive 
and negative  directions 

fuel flow 

fuel flow limited in maximum and 
minimum directions 

exhaust  nozzle area 

exhaust nozzle area limited in 
maximum and m i n i m  directions 

input 

output 
b 

constants 
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REFERENCE 



. . . . . - . . .. . 

Measured 
Range over  which  fre- m o r  quantity 

Transient  inetrumentation  Steady-state  Instrumentation 

quency  response  is 
essentially  flat 
(cycles/sec) 

Caqressor 0-10 at sea-level Aneroid-type  pressure semor Kith Mercury-filled  manwreter 
discharge pressure s t r s i n  gage  element 
gressure 1 
Exhaust noz- I Microammeter  connected to I Exhaust  nozzle  -ea  feedback 0-100 ~~ 

zle area potentiometer  connected to exhaust  nozzle area feed- 
back potentimeter give  position  ind.ication 

Engine sped 

0-1 at  sea-level Unshielded loop thermocouples NLne themcouples in par- 'Purbine 

0-5 Direct  current  tachometer Chronomeklc  tachometer 
generator 

discharge 
recorder  (Westinghouse  con- temperature 

raaas flow ( f ive in series) a l l e l  connected to Brown 

t r o l  thermocouple  harneee) 
primary fuel 0-100 Fuel valve feedback  patentimeter Microanmeter  connected  to 
valve connected to give  position fuel va lve  feedback  wtenti- - - 

position indication meter 
- 

Thrust 0-100 Strain gage mounted on strain 
l L n k  attached to forward engine 

I 

. . . . . . . . . . 



NACA RM E52E23 19 

TABU I1 - INDEX OF TRANSIENT W A  

[Nominal ram pressure ra t io ,  1.23 

Figure 
number 

MinimUIll 
luel f l o w  
( l b / b )  

550 
350 
550 
350 
550 
420 
350 
550 
420 
350 
420 
550 
420 
420 
a20 
420 

Initial 
power lever 

posit ion 
(degl 

22 
20.5 
84 
83 
20.5 
22 
22 
83 
85 
84 . 

Pim power 
lever 

position 
(de631 

84 
83 
22 
21 
83 
85 
84 
20.5 
22 
22 

32 t o  85 to 20 t o  85 
84 

39 
25 

25 to 84 t o  Cut-Off 
84 I 25 

10, OOO 
10, OOO 
10, OOO 
10,000 
25, OOO 
25, OOO 
25,000 
25, OOO 
25,000 
25, OOO 
25, OOO 
35,000 
35, m 
35,000 
35, m 
35,000 
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Panel meter reabing;wp 

Figure 2 .  - Calibration ofSestin&oune V L W ~ ~ ? J ~ ~ - . ~ ~ F I E  nozzle for .J34-=32 turbojeCenglne. 
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Tj&zi&7 
(b) Altitude, 25,000 feet. 

Figure 3. - Continued. Varlatllan af net thruet, turbine outlet  tmperature, engine speed, 
exhaust nozzle area, f w l  flaw, and fuel valve -tian Kith power lever travel for bsf- 
ferent values of m i n i m m u  fuel  flow setting. Rapl p r e s s u r e ~ ~ t l o ,  1.2. 

. .. . ,. . .  . .  ..* 
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1 i i i t i u i  i i i i  i i i i i i  i i i i i  i i i 1 
o m m m u w m m m m m  - t- -a 

( c )  Altitude, 35,000 feet. 

Figure 3. - Continued. Variation of net thrust, turbine  outlet temparature, engine epeed, 
exhauet nozzle area, fuel flow, and fuel valvg p a i t i o n  with parer lever t rave l   for  &if- 
ferent values of minimum fuel  flow Betting. Ram pressure ra t io ,  1.2. 
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(d) Altitude, 45,OW feet.  

Figure 3. - Concluded. Variation of net  thruet,  turbine  outlet temperature, engine epeed, 
exhaust nozzle area, fuel flow, and fuel valve p s i t i a n  wlth power lever travel f o r  dFf- 
ferent value8 09 minimum fuel flow ee t tkg .  Ran pressure ra t io ,  1.2. 



NACA RM E52E23 27 

Figure 4. - Effect of a l t i tude and power lever position on safe and unsafe operating 
ranges of controlled  engine and on type of control existing i n  safe operating range. 
Kinim fie1 Plow, 550 pounds per hour! ram pressure ratio, 1.2. - 
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(a) M i n i m u m  f u e l  flow setting, 550 poUnae per hour; poxer lever poeltion, 2.2' t o  84O; alt l -  
tude, 10,OOO feet. 

Figure 6 .  - Ttransient operation of autoanatickzLly cantrolled engine at a nminal rslll gresaure 
ratio of 1.2. 
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(a) Minimum fuel flaw eetting, 350 pounas per hour; power lever gosition, 83' to  21O; 
alt i tude,  10,000 Pe8t. 

Figure 6. - Continued. Transient operation of eutamatloally  controlled englns a t  a ruminal 
ram preeeure r a t io  of 1.2. 

. 



SM MACA RM E52E23 I____ 33 

(e) Minimum fuel flow settin@;, 550 gounds per hour; p&mr lever pornition, 20.5' t o  83O; 
altitude, 25,000 feet .  

F i g u r e  6 .  - Continueti. Transient-operation af automatically controlled engine at a napniaal 
ram pressure r a t io  at' 1.2. 
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(I) M i n i m u m  fuel f Lox s e t t i n g ,  420 pounde per hour; parer lever position, 85O to 22'; 
altitude, 25,000 feet. 

Figure 6. - Continued. "am len t  operation of autcrmatlcally oostrolled e@ne at a naminal 
ram preseure r a t io  of 1.2. 
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(1) M i n i m u m  fuel flow eetting, 550 pound8 per hour; pover lever paatLon, 3S.5O t o  84O; 
altitude, 35,000 feet. 

Figure 6. - C o n t i n u e d .  Tramlent operatian of arrtormatically controlled engfne at a naminal 
ram preseure r a t io  OT 1.2.  

. 
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- (m) Minimum fuel flow setting, 420 pounds per hour; power lever position, 390 t o  84'; 
alt i tude,  35,000 feet. 

Figure 6. - Continued. Transient optimtion crf a u t o m a t i a l l y  amtrol led engine at a nmlml  
ram pressure r a t i o  af 1.2. 
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(n) Wnimum f u e l  flow setting, 420 po- per hour;. m e r  lever position, 25O to 84O; 
altitude, 35,000 fee€. 

Figure 6. - Continued. Taneient aperation of autcanatlaelly controlled engine at a numlnal 
ram presaure r a t io  of 1.2. 
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(0) Minimum fuel flar setting, 420 pounds per hour; poKer lever position,  to 84' 
to cut-aff; altltude,35,000  feet. 

Figure 6. - Continued. ~ransient operatian ai? automatically controlled engine et a naaninal 
ram pressure mtio of 1.2. 
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